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Abstract
Solvent degradation and metal corrosion are critical concerns of a post-combustion CO2 capture process. Systemic analysis 
indicated that oxidation, nitrosation, and corrosion reactions occur or initiatethrough a radical reaction and thus addition of a 
radical scavenger is expected to work effectively to avoid these reactions. Here, for the first time, a multifunctional organic 
compound (CAER additive) has been evaluated as an inhibitor. The corrosion rate of A106 in 5 mol/kg MEA was lowered by 
one order of magnitude when 5mM inhibitor was added. Oxidation of 5 mol/kg MEA was monitored based on accumulation of 
formate concentration in the solution and formate levels were below the detection limit when CAER additive was present. 
Furthermore, the same additive was found to inhibit nitrosation of 5 mol/kgmorpholine with 100 ppm of NO2 gas by 91% in 6 h.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
The most widely accepted technology for post combustion CO2 capture is solvent based. Liquid amine CO2
capture systems, while effective, possess other operational and capital complexities. In particular, steel corrosion in 
carbon capture systems is of serious concern due to the cost and complexity of the necessary capital equipment [1].
Reactions of ionic species in solution with the metal surface can lead to increased corrosion. The addition of a 
corrosion inhibitor can lower the corrosion rate by forming a protective layer on the metal surface. Generally, metal-
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based compounds are widely used as corrosion inhibitors in acid gas treating systems [2]. However, these metal-
based corrosion inhibitors could catalyze oxidative degradation of the solvent and pose secondary environmental 
hazards for wastewater disposal. Thus, metal-based additives are avoided in the present study. 
Solvent loss and accumulation of heat stable salts due to solvent degradation are also process concerns due to the 
increased reclaimer duty required to regenerate the solvent.The degradation products of an amine solvent can further 
react under process condition to generate several compounds. Oxidative degradation is amajor contributor to solvent 
loss by degradation. The presence of metal ions from fly ash, construction material, or from flue gas impurities could 
catalyze oxidation of amines [3,4]. These reactions are believed to be radical initiated and propagated. Since it is 
difficult to prevent contact between oxygen and amine in the process, using an inhibitor would be a preferable 
alternative to prevent side reactions. Supap and Idem investigated O2 and SO2 induced degradation of amines in sour 
gas capture with some inhibitors such as sodium sulfite, potassium sodium tartrate, EDTA, and hydroxylamine [5].
However, none of these reported additives were considered for their multifunctional behavior. Nitrosation of amine, 
a minor contributor to solvent degradation, is also believed to be a radical reaction. These nitrosamines are of major 
concern due to their environmental and health impacts. Some inhibitors have been recently reported by our group to 
prevent nitrosation reaction under post combustion CO2 capture conditions [6].
The overall impact of mitigating these problems adds additional cost to the process. The aim of this research was 
to develop an additive that could be added in a small quantity to the amine solution to simultaneously prevent 
oxidation, nitrosation,and corrosion. On the other hand, the stability and suitability of the developed inhibitor under 
CO2 capture conditions was an important consideration. An inhibitor is advantageous as it minimizes the need to run 
the reclaimer and, minimizes formation and release of harmful by-products in solution and as emissions.One 
commercially available compound named as CAER additive was selected for these studies. The CAER additive 
contains multiple sites of electron acceptance and thus the loss of this additive will be far less than solvent loss. 
Experiments were compared with and without additives. Corrosion and oxidation tests were conducted in 5 mol/kg
MEA solution. Corrosion rates were calculated by linear polarization resistance (LPR) electrochemical 
measurements. Nitrosation experiments were conducted using 5 mol/kgmorpholine as a solvent and 100 ppm NO2
gas. Two of the main reasons for selecting morpholine as a test solvent for nitrosation were: first, morpholine being a 
secondary amine forms stable nitrosamines and second, a nitrosomorpholine (NSMO) standard was easily available 
making it convenient to analyze the product.
2. Experimental 
2.1 Chemicals
Morpholine was purchased from Acros Organics. CO2 and air (UHP grade) cylinders were purchased from Scott-
Gross. NSMO standard (5000 ppm in methanol) and nitrosopyrrolidine(NPy) were purchased from Sigma Aldrich. 
A standard sample of formate (100 ppm in water) was purchased from Environmental express. MEA was obtained 
from UNIVAR and methylene chloride from Pharmaco-Aaper. 
2.2. Corrosion tests
Electrochemical corrosion testing was carried out on a Gamry Ref600potentiostat using a graphite counter 
electrode and a saturated calomel (SCE) reference electrode (Figure 1). Carbon steel cylinders were placed in 1 L of 
carbon-loaded 5 mol/kg MEA solution (carbon/alNDOLQLW\UDWLRĮ DW&ZLWKDQGZLWKRXWP0LQKLELWRU
Electrodes were first reduced using a potential of -1.2 V vs. SCE for 120 seconds. Subsequently, the A106 carbon 
steel was allowed to equilibrate in solution for 30 min followed by three Linear Polarization Resistance (LPR) scans 
from -0.01 to 0.01 V around the open circuit potential at a scan rate of 0.166 mV/s. LPR measurements were made 
every few hours for 100 h.
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Fig.1.Potentiostat for corrosion studies
2.3. Reaction procedure for oxidation 
The setup consists of two gas cylinders (CO2 and air) for the desired gas compositions and flow rate, pressure 
gauges, reactors, a mixing chamber, and flow meters (Figure 2). The setup was designed in such a way that at least 4 
parallel individual experiments could be conducted simultaneously at the same temperature. The gases were passed 
through the pressure regulator and a mixer. This mixture of gases was bubbled through each reactor by means of a 
sintered sparging tube. 150 mL reaction solution (5 mol/kg MEA) was added to 3-necked, 300 mL glass reaction 
vessel equipped with 150 cm long Allihn condensers (Quark glass). The volatile components from the reactions 
were condensed using a reflux condenser for each reactor connected through a chiller (Thermo Scientific SC100-
A10) maintained at -5 °C allowing a water balance to be maintained at the test temperature. The reactors were 
immersed in an oil bath maintained at 80 °C (Memmert ONE-22). Total flow rate was 1.0 SCFH (85% air and 15% 
CO2), flow in each reactor was 0.25 SCFH. 5 mMCAER additive was mixed in the solution and a 0 h sample was 
takenbefore starting the gas flow. About 3 mL of sample was taken once a day and analyzed for alkalinity, pH, 
CO2loading, GC-MS and IC.
Fig. 2.Parallel reactor setup for oxidative degradation
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Fig. 3.Calibration of Inhibitor by LC-MS
2.4. Reaction procedure for nitrosation
Nitrosation experiments were conducted with 5 M morpholine solution by bubbling 100 ppm NO2 gas at the flow 
rate of 2 SCFH at 30 °C. 5 mMadditive was mixed with the solutionand 0 h sample was collected before starting the 
gas flow. Samples were collected at regular time intervals and analyzed by GC-MS.
2.5. Analytical methods
2.5.1 Ion Chromatography (IC)
IC was performed using a Dionex ICS-3000 system (Dionex-Thermo Scientific Sunnyvale, CA) with an AS 40 
autosampler to quantify formate from oxidative degradation of MEA. The anion system consisted of an ASRS 300 
suppressor, EGC III KOH (potassium hydroxide) eluent generator, IonPac AS15 analytical column (5 μm, 3×150 
mM) and an AG15 guard column (5 μm, 3×30 mM) operated at 30 °C. A CRD-200 Carbonate Removal Device 
(Dionex, 2mM) was installed on the anion system after the analytical column to reduce the amount of dissolved 
carbon dioxide in the samples. A potassium hydroxide (KOH) eluent gradient was used. The anions were separated 
with an eluent gradient with an initial KOH concentration of 2 mM and increased to 5 mM at 4 minutes. This was 
followed by an increase to 30 mM at 24 minutes up to 30 min. Pressure was kept between 200 and 3000 psi. 
Detector temperature was 35 °C. Flow rate was 0.5 mL/min with a 30 min run time, and sample volume was 10 μL. 
Samples were diluted 50 times before analysis by using deionized water. Each sample was run twice and the average 
area under the product peaks was considered for calculation.
2.5.2. Gas chromatography-Mass spectrometry (GC-MS)
GC-MS tests were conducted on an Agilent GC-6890 equipped with a single quad mass spectrometer using DB-
624 (60m) column. Helium flow rate was 1ml/min, and sample injection volume was 1 μL with a 20:1 split mode. 
Oxidation samples were diluted 10 times with methanol. Peaks of the samples with and without CAER additive 
were compared for qualitative analysis.Nitrosamine Samples were extracted in methylene chloride, and NPy was 
added as an internal standard.Peak identification was carried out in SIM (selective ion mode) using m/z of 100 for 
the internal standard and m/z of 86 for NSMO.
2.5.3 Liquid Chromatography-Time of Flight (LC-TOF)
CAER additive consumption analysis was performed on LCMS system, a 6224 time of flight mass spectrometer 
coupled with a 1260 Infinity LC chromatograph and an Infinity auto sampler 1200 series G4226A from Agilent 
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Technologies (USA).The analytical column was a Pinnacle DB AQ C18, 50 x 3 mm, 3μm (Restek Bellefonte, 
PA(USA)used with a Restek trident inline filterfor reverse phase chromatography.The eluent was water (80%) with 
formic acid 0.1% and methanol (20%). Injection volume was 10μL, and the flow rate was 0.3 ml/min for a total run 
time of 5 min.The molecules were ionized by a dual electrospray source (ESI) with positive mode of ionization, and 
the mass range was 100-400 m/z. Complete system control and data acquisition was carried out using the Agilent 
Mass hunter workstation software version B.05.00.Stock solution was prepared in 5 mol/kg MEA spiked with 25 
mM CAER additive. Calibration samples were prepared by diluting the stock solution using the eluent. The 
calibration range was 0.001 – 0.025 mM (Figure 3). Limit of detection (LOD) value was calculated as 0.0002 mM.
3. Results and discussion
3.1. Corrosion studies
CAER additive was first examined for corrosion of A106 Grade B carbon steel in 5 mol/kg MEA using linear 
polarization resistance (LPR).Using the LPR results and standard Tafel slopes of 100 mV/dec for both the anodic 
and cathodic reactions, the corrosion current was calculated with equation 1.
 
icorr=
babc
2.3Rp(ba+bc) (1)
whereba and bc are the anodic and cathodicTafel slopes, respectively, and Rp is the polarization resistance. The 
corrosion rate in millimeters per year (mmpy) was calculated using equation 2.
CR= ݅ܿ݋ݎݎ ×K×EW
d×A
(2)
where CR is the corrosion rate; icorr is the corrosion current; K is a constant, in this case 3272 to calculate the 
corrosion rate in mmpy; EW is the equivalent weight; d is the density; A is the exposed surface area.
Corrosion rates of A106 carbon steel at 80 °C in 5 M carbon loaded (C/N=0.43) MEA with and without 5 mM of 
CAER additive are shown in Figure 4. The corrosion rate decreased by approximately an order of magnitude with 
addition of the CAER additive and remained at that low corrosion rate over the life of the experiment, about 100 h. 
In 5 mol/kg MEA, the average rate of corrosion for an A106 carbon steel cylinder was 1.8 mmpy which dropped to 
0.2 mmpy when the additive was present in the solution. Formation of a protective layer by specific adsorption of 
the additive with the metal surface is expected to occur. 
3.2 Oxidation of MEA
Flue gas contains about 6-8% of unavoidable oxygen that passes through the amine scrubber column in the 
process. The dissolved oxygen reacts with amine at the high stripper temperature and eventually degrades the 
solvent. Addition of an inhibitor is considered as an alternative solution to prevent free radical interaction with the 
amines. N-(2-hydroxyethyl)formamide (HEF), N-(2-hydroxyethyl) imidazole (HEI), 2-oxazolidone (OZD),N-(2-
hydroxyethyl)succinimide (HES), and N,N-bis-(2-hydroxyethyl)oxamide (BHEOX) are the major products formed 
under oxidation conditions [3]. Along with these, heat stable salts such as formate, glycolate, acetate and oxalate are 
known to accumulate in the solvent and change solvent viscosity and other properties. Among the heat stable salts, 
formate is the major component and was considered to be reliable as a monitoring probe for analysis by IC. For 
quick screening, formate concentration was compared for the experiments with and without CAER additive and later
additional products were analyzed by GC-MS. CAER additive is believed to act as a radical scavenger and thus 
prevents free radical degradation pathways in the reaction solution. It is believed that CAER additive reacts much
faster with oxygen thus minimizing the generation of free radicals from MEA resulting in other oxidative 
degradation pathways being blocked. From Figure 5, it is clearly seen that concentration of formate accumulates 
over time for MEA runs without the additive. At 165 h, formate concentration was about 200 ppm whereas when
 Payal A. Chandan et al. /  Energy Procedia  63 ( 2014 )  814 – 821 819
Fig. 6. GC chart for MEA oxidation with and without additive
CAER additive was used, formate levels were below the detection limit (1 ppm) at all times.CO2 loading of the 
VROXWLRQV ZDV PDLQWDLQHG DW D IDLUO\ FRQVWDQW YDOXH RI Į  S+ of both the solutions were fairly similar 
throughout the run. 
Apart from formate, several other oxidative degradation products are generated from MEA oxidation. Many of 
the degradation compounds contain secondary –NH group that could potentially generate nitrosamines. Thus it was 
important to study if CAER additive was capable of inhibiting formation of other oxidative degradation products. 
GC-MS tests were conducted to qualitatively determinethe presence of other impurities. For the MEA blank run, 
some peaks were observed in GC chromatogram (Figure 6).Peaks at 19.57 and 21.07 min were confirmed based on 
mass fragmentation pattern and library search as OZD and HEI, respectively. The compounds for other peaks were 
not confirmed, but the main purpose of this study was to examine the mere formation of MEA degradation products 
with and without CAER additive.None of the degradation productspeaks observed for MEA were observed for the
samples containing CAER additive. This indicates the activity of inhibitors towards inhibiting other oxidation 
products. A peak at 28 min in the lower graph of Figure 6 corresponds to the CAER additive. 
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Fig. 7.Nitrosation of morpholine with NO2 gas with and without additive
Reaction conditions: 5 mol/kgmorpholine, 100 ppm NO2 gas in N2, 2 SCHF flow rate, 6 h, 5mM CAER inhibitor
3.3 Nitrosation of morpholine
Nitrosamines are generated during the CO2 capture process due to the presence of a small quantity of NOx in the 
flue gas. These nitrosamines are considered as potential health hazards and thus are of concern. Strict regulations are 
likely to follow in the near future on their emission limits. Thus treatment of these nitrosamines to a safer form or 
preventing their formation altogether is desirable. Nitrosamine formation reactions are mainly radical based. Due 
totheradical scavenging behavior of CAER additive, it was expected to work effectively for retarding 
nitrosationreactions.
5mMCAER additive was mixed with morpholine solution and nitrosamine results were compared with and 
without CAER additive. For a 5 mol/kgmorpholine, 86 ppm NSMO was formed in solutionin 6 h whereas reactions 
involving CAER additive resulted in only 8 ppm NSMO formed i.e. 91% inhibition of NSMO (Figure 7). To 
determine the stability and suitability of CAER additive towards a CO2 capture environment, experiments were 
conducted with CO2 loaded morpholine solution. For CO2 loadHGPRUSKROLQHVROXWLRQĮ 1602IRUPHGZDV
89 ppm whereas CO2loaded solution with CAER additive yielded only 14 ppm NSMO i.e. 84% inhibition. No 
additional peaks were observed from GC-MS, and thus it was assumed that there are no additional volatile products 
generated from CAER additive under the experimental conditions. 
3.4. Determination of CAER additive
For the above-mentioned experiments of corrosion, oxidation, and nitrosation, it was important to quantitate the 
loss of additive. The samples were analyzed by LC-TOF after diluting them 1000 fold in the eluent. From analysis,it 
was observed that the concentration of additive remained fairly constant throughout corrosion and nitrosation
experiments while its concentration dropped only by 5% duringoxidation experiments.However, no new products 
from the solvent were observed in the LC spectra at the studied dilution range. Though the additive is believed to be 
sacrificial, it contains multiple sites of electron acceptance, which makes it a powerful inhibitor to prevent radical 
reactions. Also, this additive has the ability to bind with metallic surfaces, which makes it a good corrosion 
inhibitor.
4. Conclusion
A multifunctional CAER additive has been developed to improve an aminebased CO2 capture process by 
preventing solvent degradation and equipment loss simultaneously.Nitrosation of morpholine with 100 ppm NO2 gas 
was inhibited by 91%, and oxidation of 5 mol/kg MEA with formate monitoring was observed to be inhibited 
by>99% under the experimental conditions studied here. Furthermore, corrosion rates were lowered by 
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approximately one order of magnitude compared to the baseline.The amount of inhibitor required to be added to a 
CO2 capture solvent could vary depending on the solvent selected, the secondary amine products formed during 
degradation (if not present originally), process temperatures, and amount of NOx in the flue gas. 
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